[1] The active source seismic component of the Gravity Lineations, Intraplate Melting, Petrologic and Seismic Expedition (GLIMPSE) experiment investigated the velocity structure and crustal thickness of the Pacific plate along a $450 km line paralleling the southern East Pacific Rise where prominent intraplate ridges lie within lows of the lineated free-air gravity pattern. Compressional wave traveltime data collected by 10 ocean bottom seismometers indicate that the median crustal thickness is $6.2 km and increases to $8.2 km beneath the Sojourn Ridge. The conspicuous absence of crustal thinning beneath both the Sojourn and Hotu-Matua ridge systems is strong support against a boudinage-style model for the formation of these volcanic complexes. Our results suggest the ridge loads are partially supported by both plate flexure and underplating, with an additional mantle component inferred from the analysis of gravity data, Rayleigh wave tomography, and teleseismic body wave delays. Small-scale convection could produce the observed crustal thickness pattern but fails to explain the geochemical and formation age trends along the ridges. We prefer a model where the channelized flow of low-density material in the upper mantle, possibly undergoing small-scale convection, is advected toward the ridge crest. Lows in the gravity field reflect the density contrast within the asthenosphere, and decompression melting amid upwelling limbs of the convective cells sustains the development of the associated ridge systems.
Introduction
[2] The Gravity Lineations, Intraplate Melting, Petrologic and Seismic Expedition (GLIMPSE) experiment, conducted between 2001 and 2002, surveyed a region on the Pacific plate west of the East Pacific Rise (EPR) notable for nonhot spot ridge systems contiguous with lineations in the freeair gravity anomaly. A $450 km seismic refraction line was shot parallel to the mid-ocean ridge along the 6 Ma isochron to constrain crustal velocity structure, variations in crustal thickness, and the relationship between crustal structure and the free-air gravity pattern in the GLIMPSE study area. In this paper, we present an analysis of observed P wave traveltimes along the active source seismic line and discuss the results in the context of the two groups of models for the origins of the gravity lineations and volcanic ridge systems.
[3] Measurements of geoid height from satellite altimetry data [e.g., Sandwell and Smith, 1997] have revealed a regular variation of the free-air gravity anomaly in the South Pacific aligned with absolute plate motion (APM) [Haxby and Weissel, 1986; Baudry and Kroenke, 1991; Maia and Diament, 1991; Cazenave et al., 1992; Sandwell et al., 1995] . These ''cross-grain'' gravity lineations trend oblique to abyssal hill fabric, emerging on seafloor <5 Ma in age with a predominant wavelength of $150-200 km and a peak-to-trough amplitude of 5-20 mGal (Figure 1 ). The characteristic wavelength appears to increase with crustal age, but the lineations show remarkable continuity outward for up to 1200-1500 km west of the EPR [Baudry and Kroenke, 1991; Scheirer et al., 1996] . In addition, highresolution satellite altimetry and multibeam surveys have revealed multibeam surveys, and high-resolution satellite altimetry have identified multiple elongate en echelon intraplate ridge systems similarly aligned with APM that preferentially lie within free-air gravity lows [Winterer and Sandwell, 1987; Sandwell et al., 1995; Sandwell and Fialko, 2004; Searle et al., 1995; Scheirer et al., 1996; Kopp et al., 2003; Forsyth et al., 2006] .
[4] Several characteristics of the cross-grain ridges are comparable to plume-based volcanic systems like the Hawaii-Emperor seamount chain: the features have a linear morphology, postdate the surrounding oceanic crust, are volcanic in origin, and decrease in age from west to east.
These observations support a model of broad mini -hot spot activity across the South Pacific [e.g., Moriceau and Fleitout, 1989; Fleitout and Moriceau, 1992] , but radiometric dating of samples collected along the Pukapuka and Sojourn ridges indicates the ridges grew faster than the local half spreading rate [Sandwell et al., 1995; Forsyth et al., 2006] . Also, the trace element geochemistry of dredge samples supports a shallow melt source rather than one sampling a deep-seated plume [Janney et al., 2000] . In light of these inconsistencies, two alternatives to the hot spot hypothesis have been proposed for the origin of the cross-grain ridges and gravity lineations.
[5] One proposal is that ridge systems form where regional tectonic stresses warp and crack the lithosphere creating channels for melt to reach the surface. An early variant on this theme envisioned the deformation of the lithosphere taking a boudinage form [see Ricard and Froidevaux, 1986] . By this model, far-field tectonic forces on the Pacific plate are aligned with APM by the weak boundary at the EPR, and tensile stresses periodically thin the plate at a wavelength dictated by its elastic thickness (Figure 2a ) [Winterer and Sandwell, 1987; Sandwell et al., 1995] . The resulting undulations of the seafloor are mimicked by the height of the geoid. Areas where the lithosphere has thinned show free-air gravity lows and, conversely, gravity highs are tied to thickened lithosphere since the density contrast at the seafloor dominates the gravity signal. In an alternate model, a series of regularly spaced cracks form when the Pacific plate contracts under thermal bending stresses related to top-down cooling ( Figure 2b ) [Gans et al., 2003; Sandwell and Fialko, 2004] . Free-air gravity lows are the result of down warping at the edges of the broken plate. Both this and the lithospheric boudinage model come with a contingency -decompression melting from the vertical displacement of upper mantle material would not be sufficient to construct edifices as large as the Sojourn or Pukapuka Ridges, so a preexisting reservoir of melt must be pooled at the lithosphere-asthenosphere boundary for cross-grain ridges to form.
[6] A second group of models regards the gravity anomaly pattern as the result of lateral density and compositional differences created by organized flow in the upper mantle. As the cooling plate spreads away from the mid-ocean ridge, instabilities at the base of the lithosphere could trigger small-scale convection in longitudinal rolls aligned with APM by plate shear (Figure 2c ) [Haxby and Weissel, 1986; Buck and Parmentier, 1986; Huang et al., 2003 ]. The Figure 1 . Free-air gravity anomaly from satellite altimetry data [Sandwell and Fialko, 2004] in the GLIMPSE study area (shaded box in the inset map) filtered to display wavelengths between 100 and 500 km. Contour lines trace the altimetry-based bathymetry [Sandwell and Smith, 1997] at 500 m intervals. Triangles indicate ocean bottom seismometer positions along the refraction line, and the black rectangle outlines the Thanksgiving group of seamounts. Note the association of the non -hot spot ridge systems with free-air gravity lows.
adiabatic decompression of material in upwelling limbs could provide a continuous melt source for seafloor volcanism. However, the extension of the cross-grain ridges and gravity lineations to the rise axis poses a significant problem for this model since convective rolls need finite time to fully develop. Conder et al. [2002] have suggested that pressuredriven flow of heterogeneous mantle from the South Pacific Superswell eastward to the EPR could trigger decompression melting and small-scale convection on a local scale. Lineations in the gravity field would develop if denser and more viscous mantle to the east forced the flow to coalesce into ''fingers'' aligned by plate shear, thereby creating alternating channels of lower and higher density material at a characteristic wavelength set by the thermal or compositional gradients ( Figure 2d ) [Weeraratne et al., 2003 [Weeraratne et al., , 2007 .
Tectonic Setting
[7] The section of the southern EPR bounded by the Garrett Transform Fault (GTF) and the 15.9°S overlapping spreading center (OSC) is characterized by a smooth axial profile, a nearly constant axial depth of $2650 m [Kent et al., 1994; Grevemeyer and Weigel, 1997] , and an axial magma lens consistently imaged $1.01.2 km beneath the seafloor [Detrick et al., 1993; Kent et al., 1994] , all evidence of a uniform and robust magma supply. The segment spreads at a ''superfast'' full rate of 145 -155 mm/yr [Naar and Hey, 1989] and is migrating WNW at 32 mm/yr in the absolute reference frame [Scheirer et al., 1998] . Previous studies have shown a consistent off-axis asymmetry that suggests that the melt source is offset to the west. The Pacific Plate exhibits a slower subsidence rate [Cochran, 1986] , a higher seamount density [MELT Seismic Team, 1998 ], greater mantle Bouguer gravity anomalies [Scheirer et al., 1998 ], larger shear wave splitting delay times [Wolfe and Solomon, 1998; Harmon et al., 2004] , and slower Rayleigh wave phase velocities ] relative to the Nazca plate. The presence of a shallow westward dipping low-velocity region beneath the ridge [Hammond and Toomey, 2003] strengthens the argument for higher upper mantle temperatures and greater melt production west of the spreading center. Nevertheless, an analysis of seismic refraction data collected during the MELT experiment found no significant difference in crustal structure to either side of the southern EPR ].
[8] The GLIMPSE experiment concentrated on the region north of the MELT study area along a section of the Pacific plate between $11°-17°S and 110°-122°W (Figure 1 ). Among the most dramatic topographic features in the area are the Sojourn and Brown Ridges, which together form a $550 km long ridge system composed of more than a dozen en echelon segments aligned with APM . Recent volcanism (<0.3 Ma) is concentrated along the eastern end of the complex, as evidenced by high reflectivity in side-scan swath maps and 40 Ar/
39
Ar dating of dredge samples from the Brown Ridge . The Hotu-Matua volcanic system to the south similarly spans hundreds of kilometers as a narrow band of seamounts. The largest volcanoes within the group, Hotu and Matua, currently overlie crust $6 Ma in age [Scheirer et al., 1996] . Matua appears to be more recently active than Hotu based on microseismicity measurements, higher reflectivity, and radiometric ages on the scale of 290 ± 100 ka . In addition, highly reflective patches consistent with recent flows can be traced >100 km east of Matua where no significant topography exists . Immediately between Sojourn and Hotu-Matua is the Thanksgiving group of seamounts, an inactive chain that, unlike the adjacent ridge systems, is not associated with a distinct and continuous gravity lineation. Given its short length ($140 km), muted topography, and lack of evidence for recent eruptive activity , we believe this feature formed near the mid-ocean ridge and was transported with the plate to its present position.
Data Acquisition
[9] The active source component of the GLIMPSE experiment followed a $450 km track paralleling the EPR from 12°21 0 S to 16°20 0 S (Figure 1 ), crossing seafloor $6 Ma in age from the northern flank of the Sojourn Ridge to the region just southeast of the Hotu and Matua seamounts. A total of 16 ocean bottom seismometers (OBSs) were deployed $33 km apart with the exception of 5 clustered within the $33 km section centered along the Sojourn Ridge. Each instrument sampled data at 128 Hz with a three-component assembly of Mark Products Model L-4 geophones and a broadband hydrophone [Webb et al., 2001] . During the survey, an array of six BOLT 1500 LL PAR air guns with a total capacity of 4450 cubic inch fired 1743 shots from $5 m depth at a 120 s interval. Inconsistent gun performance reduced the array capacity to no greater than 3625 cubic inch along most of the line, and attempts to remedy the problem forced steaming speeds to vary from 4.0 to 5.5 knots. Shot spacing consequently changed from 
Data Processing
[10] Shot locations were based on known firing times and position fixes from the shipboard Global Positioning System (GPS), adjusted for the 70 m layback between the GPS antenna and the middle of the air gun array. To account for eastward crabbing of the R/V Melville, we corrected shot positions relative to ship heading rather than line geometry. Shot position errors are estimated to be less than 10 m. Water depths at the relocated shot locations were extracted from SeaBeam2000 multibeam bathymetry gridded at 200 m resolution. The instrument clocks were synchronized with GPS time on deployment, and any difference noted on recovery was used to calculate timing corrections for the raw data, assuming linear clock drift. These corrections are certain to within the 8 ms sampling interval of the OBS clocks. In addition, we calculated corrections to the instrument drop locations by solving for the minimum of the second-degree polynomial least squares fit to the direct water wave arrivals. With an estimated pick error of 5 ms for the direct arrival, we expect a $5 -10 m standard error on the relocated instrument positions.
[11] The seismic data recorded by each instrument was converted to the PASSCAL variant of the standard Society of Exploration Geophysicists (SEG-Y) format for processing [Barry et al., 1975] . We filtered the raw OBS data using a minimum-phase 5 -20 Hz band-pass Butterworth filter with a 24 dB/octave slope beyond the corner frequencies. The vertical seismometer channel was preferentially chosen for collecting traveltime picks unless the signal-to-noise ratio (SNR) of another data channel was notably higher. Attenuation of arrivals with increasing source-to-receiver distance generally limited picks to within a 40-50 km offset from each instrument. Table 1 lists the deployment locations, chosen data channel, and pick count by phase for the 10 OBSs used in this analysis. Error estimates on picks for P wave crustal refractions (Pg) were assigned using the method of Zelt and Forsyth [1994] , which maps the SNR of a seismic trace at the observed arrival time to predefined error values based on an instrument's sampling rate (see Table 2 ). Since the Moho reflection (PmP) is not a firstarriving phase, we chose to routinely assign PmP picks an uncertainty estimate of 75 ms rather than rely on the SNR automated method. While this value is generally smaller than the pick errors assigned to PmP phase arrivals in other experiments [e.g., Zelt and Smith, 1992; Grevemeyer et al., 1998; Zelt, 1999; Korenaga et al., 2000; Crawford et al., 2003; Sallarès et al., 2003; Zelt et al., 2003; Van Avendonk et al., 2004] , the statistical results of the inverse modeling indicate our estimate is appropriate. Record sections for the 10 OBSs are shown in Figure 3 .
Modeling
[12] We applied the method described by Van Avendonk et al. [1998] and extended by Korenaga et al. [2000] to simultaneously invert crustal refraction (Pg) and Moho reflection (PmP) traveltimes for the two-dimensional (2-D) P wave crustal structure underlying the refraction line. Our chosen approach was to derive a minimum structure model using both a regularly spaced ''sheared'' mesh of nodes draped on seafloor topography and depth-dependent smoothness constraints to reduce model roughness [see Zelt, 1999] . The 453 km Â 20 km model grid was parameterized by 164167 velocity nodes with a uniform horizontal spacing of 500 m and a vertical spacing that increased from 50 to $150 m with depth. This fine-scale nodal spacing allowed us to avoid biasing the inverse solution with predetermined assumptions on the crustal structure. To model crustal thickness, we defined a floating reflector of 454 nodes spaced every 1 km as a proxy for the Moho. Since the reflector is not directly tied to the velocity grid, no discontinuity or lateral homogeneity in velocity is forcibly imposed on the crust-mantle boundary. A total of 2231 traveltimes were hand-picked for crustal refractions (Pg) and reflections off of the Moho (PmP) (see Table 1 ). Whenever the relocated depth of an OBS disagreed with the value interpolated from the model grid, we assigned the interpolated depth to the OBS and added a constant traveltime correction to all picks made from that instrument's data. The correction values fell within the pick error limits of the direct arrival in all cases. Mantle refractions (Pn) traveling as head waves beneath the Moho are visible in some record sections, but the total number of possible Pn picks was too sparse for us to present a meaningful estimate of upper mantle velocities.
[13] The forward step of the tomographic inversion applied an iterative graph method to calculate the minimum travel- The ''noise'' and ''signal'' were defined by 250 ms segments extracted before and after the pick time, respectively. Each OBS recorded data on four separate channels corresponding to a hydrophone (P), a vertical seismometer component (Z), and two orthogonal horizontal seismometer components (X and Y). OBS positions and depths were calculated from the direct water wave arrival times recorded by each instrument.
time raypaths between each instrument and proximal shot locations [see Moser, 1991] . Graph method solutions tend to zig-zag between grid points, so a conjugate gradient procedure using beta splines to interpolate across grid cells was used to refine raypaths and their corresponding traveltimes [Moser et al., 1992] . For simplicity, a constant velocity of 1500 m/s was used for the water layer when ray tracing. The small number of traveltimes (2231) The relative strength of the velocity and depth smoothing and velocity and depth damping operators in the tomographic inversion is controlled by four configurable weighting parameters (l v , l d , a v , and a d , respectively). After fixing the damping weights to 5% for velocity and 10% for the depth, we performed a grid search to determine the l v , and l d values that would minimize traveltime residuals with the smoothest model. Our final chosen values for the four parameters are listed in Table 3 . Also listed is a depth kernel weighting factor (w). Velocities in the lower crust are generally unconstrained since refraction picks can only be made over limited offsets from the OBSs, so inverse solutions are inherently nonunique. The depth kernel weighting factor determines the relative weight given to changing the reflector depth rather than altering lower crustal velocities when fitting PmP traveltimes in the absence of turning ray constraints. We chose a value of w = 1 to equally weight the velocity and depth Fréschet derivative matrices in the inverse problem [see Korenaga et al., 2000] , allowing the pick error estimates to influence where the model is perturbed to fit the data. See Appendix A for an assessment of the range of solutions possible given different values of the depth kernel weighting factor.
[14] We initially forward modeled the observed traveltimes by hand to better understand the effect of limited ray coverage on our results. For a starting model, we draped a variant of the 1-D solution for the MELT refraction survey ] on the bathymetry and perturbed the model until a reasonable fit was achieved. We then constructed the 2-D tomography starting model as a 1.5-D extension of the characteristic 1-D velocity profile across our forward solution (Figure 4a) . The depth to the starting Moho (5.9 km below the median seafloor depth) was identified by systematically lowering the initial reflector and inverting the full traveltime data set until we found the solution with the lowest c 2 misfit ( Figure 5 ). [15] We followed the across-and-down layer-stripping technique [see Zelt, 1999 ] to derive our preferred velocity model. Solutions to tomography problems with sparse ray coverage will invariably ''smear'' anomalies along raypaths. Solving first for the velocity structure of the uppermost crust where ray density is highest reduces the contamination of lower crustal structure by the effects of strong shallow anomalies. The layer-stripping method thereby accounts for The data were restricted to Pg arrivals within 10 km of the instruments. Once again, no PmP picks were included and the DWS controls image intensity. the reduction of ray density with depth and assumes the lateral heterogeneity and steep velocity gradients within the upper and middle crust exert the strongest control on variability in the observed traveltimes. We find this procedure yields much less heterogeneous models for the lower crust than other inversion methods. Only Pg picks for shots within 5 km of each OBS were included in the first step of the inversion process (Figure 4b ), limiting the data and model perturbations to upper crustal depths. The solution to this initial tomography problem was then assigned as the starting model to a second inversion using first arrivals at source-receiver offsets of 10 km or less (Figure 4c ). Both PmP arrivals and Pg traveltimes at all ranges were included in the last step of the layer-stripping technique. This final inversion continued through successive iterations until a target c 2 value of $1.0 was met. In order to only present regions of the model space constrained by the data, we set the image intensity of the plots in Figure 4 using the derivative weight sum (DWS). The DWS expresses the relative resolution of each model parameter using the weighted sum of its corresponding column in the Fréschet matrix, so regions with a higher ray density are assigned greater DWS values [Toomey and Foulger, 1989] .
Results
[16] Our final velocity model, its ray coverage, and the fit between observed and predicted traveltimes are shown in Figure 6 . Sections of the Moho constrained by PmP reflections appear in bold in panel C. The traveltimes calculated from the initial starting model had a RMS error of 0.18 s and a c 2 misfit of 9.40 (c pg 2 = 11.23, c pmp 2 = 6.43). Our preferred solution converged to a RMS error of 0.062 s and a c 2 value of 1.03 after 5 iterations of the final inverse step, reducing the variance of the traveltime residuals by 89%. Evaluating each phase separately, the preferred model fits Pg and PmP picks with c 2 values of 0.98 and 1.11, respectively. The difference in c 2 misfit is principally a consequence of the layer-stripping inversion methodology. Tests of the resolution limits imposed by the sparse data set are provided in Appendix B.
[17] In many classic marine seismic studies, oceanic crust was conceptualized as a series of horizontal layers, each defined by a distinct velocity gradient and postulated lithology [e.g., Raitt, 1963; Houtz et al., 1970; Talwani et al., 1971] . Recognizing that the true velocity structure of the crust exhibits much greater complexity, current models allow velocity to change in a continuous fashion across the model space. In addition, deep-sea borehole research indicates seismic layering and changes in morphologic units may not be directly correlated, particularly the division between the upper and lower crust and the transition from sheeted dikes to crystalline gabbros at depth [e.g., Wilson et al., 2006] . Since our sparse data set and strong regularization prevent our models from resolving fine-scale crustal structure, we limit our analysis to general trends in the thickness of the upper crust (layer 2) and lower crust (layer 3), acknowledging that changes in the velocity gradient are not directly interchangeable with crustal lithostratigraphy. We also assume marine sedimentation had a negligible impact on measured traveltimes since a short reflection survey across the flanking moats of the Sojourn Ridge imaged sediment ponds no more than $100 m thick.
[18] The median crustal thickness along the refraction line is $6.2 km by our preferred velocity model ( Figure 6 ). While less than the 6.48 ± 0.75 km estimate proposed by White et al. [1992] for Pacific crust <30 Ma, our value is remarkably similar to refraction results for the Nazca plate south of the GTF at 14°S (6.11 km ± 0.28 km) [Grevemeyer et al., 1998] . A near-axis active source survey at the 15.9°S OSC found crustal thickness to be 5.8-6.3 km ], which appears to suggest the uniformity seen in axial topography and continuity of the AMC reflector along the ridge segment is also a characteristic of long-wavelength crustal structure. At the local level, crustal thickness varies at a $200 km wavelength, consistent with the pattern inferred from gravity anomalies . There is a $300 m thickness increase beneath the Sojourn Ridge with a northward offset, and the edifice adds an additional $2.0 km for a maximum thickness of $8.2 km directly under the topographic peak. The size of the crustal root beneath the Sojourn is not indicative of Airy-type isostatic compensation. Rather, the load of the Sojourn Ridge appears to be supported by the flexure of a plate with an effective elastic thickness of $3-5 km, and there is a broader gravity anomaly consistent with subsurface loading likely in the form of underplated or intruded crust . Further evidence for underplating comes from the notable increase in crustal thickness at the southern end of the line ($280-350 km) where, aside from a small seamount at $315 km, no topographic load is present. Figure 5 . Test for determining the ideal reflector depth for the starting model to the tomographic inversion. c 2 values reflect the traveltime misfit after a single iteration of the inverse step that included PmP picks. Triangles indicate the c 2 value for Pg and PmP picks together, and circles mark the c 2 misfit for PmP picks alone. The relationship between c 2 values and the starting reflector depth can be roughly approximated by a best fitting second-degree polynomial (dashed). The c 2 minima (circled) occur when the reflector depth is initially set to 5.9 km.
[19] The range of 1-D velocity-depth solutions across the final model is bounded by the light gray region in the left panel of Figure 7 . Darker gray lines highlight the velocity profiles beneath the positions of the 10 OBSs. Profiles where the velocity remains atypically low with depth (shifted left) were taken from the region surrounding the Sojourn Ridge. Changes in velocity gradient (right panel) are clearly identifiable at $4.2 km/s, 5.8 km/s, and 6.5 km/s in the average velocity profile (solid black line). The starting 1-D velocity profile is plotted with white circle markers for comparison. We selected the 6.5 km/s contour to represent the layer 2/3 boundary since this marks the point where the velocity gradient drops from $0.7 to $0.2 s À1 (Figure 7 , right panel). Figure 8 presents the consequent thicknesses for layer 2 and layer 3 along the survey line.
[20] The median thickness of layer 2 is $1.7 km, on par with both the 1.5-1.6 km thickness reported by Bazin et al. [1998] across the ridge axis to the south and the section of the Nazca plate immediately east of the GLIMPSE study area (1.4 -1.8 km thickness for a velocity range of 2.9-6.6 km/s) [Grevemeyer et al., 1998 ]. As the high standard deviation ($0.8 km) indicates, upper crustal thickness varies substantially along the survey line. Layer 2 is $1.1 km thick to the south, increases to $1.7 km around the Thanksgiving seamounts, and balloons to a median value of $3.3 km in the 50 km interval surrounding the Sojourn Ridge. Layer 2A, the extrusive section of layer 2, is notorious for its strongly heterogeneous velocity structure owing primarily to lateral variations in porosity and level of hydrothermal alteration [Houtz and Ewing, 1976; Jacobson, 1992] . Seismic refraction studies cannot resolve layer 2A well because the direct water wave masks Pg arrivals at short offsets from ocean bottom instruments, and without constraints from multichannel seismic data, our interpretation of the variability in layer 2A thickness along the survey line is somewhat speculative. However, we believe the dramatic thickening of layer 2 along the Sojourn edifice suggests the ridge system was constructed primarily from a buildup of the extrusive layer rather than localized uplift caused by plate flexure. By this model, surface flows fed by either a preexisting magma reservoir or a dynamic meltgenerating process precede the formation of cross-grain ridge systems. This is consistent with side-scan swaths east of the Hotu-Matua where high reflectivity indicative of recent surface flows extend east of the youngest seamounts .
[21] The median thickness of layer 3 across the final model is $4.4 km with a standard deviation of 0.7 km. To the south, where the survey crosses the lineation associated with Hotu-Matua and ray density is relatively high, lower crustal thickness reaches $5.1 km. The data does not place strong constraints on the crustal structure around the Thanksgiving seamounts, so the median layer 3 thickness between $200 and 250 km ($4.2 km) resembles that of the starting model (4.3 km). The median layer 3 thickness for the 50 km window surrounding the Sojourn comes to $2.9 km, but several factors suggest this estimate may not be truly representative of lower crustal structure beneath the ridge. We chose to subdivide the crust into layers 2 and 3 at the 6.5 km/s contour based on the median velocity-depth profile for the final model. However, velocity profiles from around the Sojourn edifice (e.g., the three OBS profiles in Figure 7 skewed to the left) suggest the upper boundary of layer 3 occurs at a lower velocity and hence shallower depth in this region. In addition, any significant thickening of the lower crust on a scale as narrow as the ridge cross section will be smoothed out without sufficient traveltime data to constrain such detailed structure. Finally, shearing the smoothed mesh of velocity nodes on the bathymetry imposes steep topography on the model at all depths. Velocity contours immediately beneath the ridge are elevated (Figure 6c ), which inhibits crustal thickening by pulling higher velocities into the lower crust. Given these considerations, we contend that our model presents a minimum estimate of layer 3 thickness beneath the Sojourn Ridge, which is consistent with the solutions obtained when the inversion fits PmP traveltimes by preferentially perturbing the reflector depth rather than altering lower crustal velocities (see Appendix A).
Discussion
[22] The fundamental goal of the GLIMPSE refraction survey was to test the plausibility of the lithospheric boudinage model (Figure 2a) as an explanation for how nonhot spot cross-grain ridge systems like the Sojourn and Hotu-Matua form. Under the boudinage model, lithospheric thinning is responsible for lows in the free-air gravity anomaly, and thinner crust should precede the construction of volcanic ridges and seamounts within these gravity lows. The orientation of the refraction line east -southeast of the Hotu and Matua seamounts, a region where young surface flows cover the abyssal hill fabric but have not yet produced any substantial topography, was chosen to directly address this problem. Our preferred final model ( Figure 6 ) shows no The vertical and horizontal axes indicate thickness in km and the distance along the line from north to south in km, respectively. The total crustal thickness (solid line) is split into layer 2 (dashed) and layer 3 (dotted) at the 6.5 km/s contour as explained in Figure 7 .
evidence of crustal thinning adjacent to the Hotu-Matua complex ($300-400 km). Instead, there is a significant increase in crustal thickness between OBSs 15 and 13 in close proximity to Matua Seamount (see Figures 1 and 6) . These results are inconsistent with seafloor volcanism induced by thinning and cracking of the lithosphere, so we reject the boudinage model. Our conclusions are in agreement with previous studies on fracture zone spacing to either side of the EPR. The amplitude of the gravity lineations observed in the South Pacific would require strains of at least 10% [Sandwell et al., 1995; Gans et al., 2003] . Under such conditions, first-order segments of the Pacific plate would stretch and widen with age relative to adjacent segments on the Nazca plate, but no such asymmetry is observed [Goodwillie and Parsons, 1992; Gans et al., 2003] .
[23] The thermoelastic cracking model (Figure 2b ) similarly ties cross-grain lineations and ridges to regularly spaced fractures cutting through the lithosphere, but without the need for crustal thinning. By this model, non -hot spot ridge systems form from preexisting melt pooled at the top of the asthenosphere, and the crust thickens in response to the new surface load. Our results alone cannot discount the plausibility of thermal stresses fracturing the Pacific plate because crustal thickening is evident beneath the Sojourn Ridge. However, other observations from the GLIMPSE experiment cast reasonable doubt on this model. On a fundamental level, one would expect to see traces of large-scale fracturing coincident with gravity lows, yet no significant fault scarps or graben-like structures have been observed in SeaBeam 2000 multibeam and side scan sonar data . Mature volcanic ridge systems could arguably cover the lithospheric cracks that feed them, but thermoelastic fracturing cannot readily explain the eastward trend in dredge sample ages along the non-hot spot ridges [Sandwell et al., 1995; Forsyth et al., 2006] , eastward depletion of dredge basalts [Donnelly et al., 2003] , unfractured seafloor topography east of Hotu-Matua , or the correlation between ridge locations, low residual mantle Bouguer anomaly values , and greater P and S wave station delay times [Harmon et al., 2007] .
[24] An analysis of the gravity and topography across the GLIMPSE study area by Harmon et al. [2006] found nearly continuous lows in the residual mantle Bouguer anomaly (rMBA) that are aligned with the gravity lineations accompanying Sojourn and Hotu-Matua. Also, when surface topography and the predicted effects of plate flexure are removed, broad highs in residual topography remain beneath the ridge systems . These results suggest the ridges are built atop both a broader swell and broad rMBA indicating thicker crust and/or contributions from the mantle. An alternative to cracking models predicts melt is actively generated by the decompression of upwelling mantle material. The presence of sublithospheric melt beneath the gravity lows is supported by low shear wave velocities imaged using Rayleigh wave tomography [Weeraratne et al., 2007] . Also, our P wave velocity model presents the case for crustal thickening by underplating in the same locations. Two-dimensional small-scale convection aligned by plate shear is consistent with these observations and could provide a continuous source of nondepleted mantle through the pressure release melting induced by vertical motion. Lower densities in upwelling limbs of convective cells would produce positive residual topography and dynamic support for surface loading [Haxby and Weissel, 1986; Buck and Parmentier, 1986] .
[25] The Bouguer anomalies and dynamic uplift continue to the rise axis, giving little time for cooling at the base of the lithosphere to initiate small-scale convection. This observation is seemingly at odds with a convective roll model where gravity lineations are well formed within 2 -3 Ma [Scheirer et al., 1996] . Advection of upper mantle flow at the ridge crest may accommodate the decidedly low upper mantle viscosities necessary ($10 18 -10 19 Pa s [Haxby and Weissel, 1986] ). In addition, eastward depletion of samples collected from the Sojourn Ridge [Donnelly et al., 2003 ] and the rapid eastward propagation of volcanic activity along the Pukapuka, Hotu-Matua, and Sojourn volcanic systems [Sandwell et al., 1995; Forsyth et al., 2006] are all suggestive of melt generation migrating toward the EPR rather than the stationary onset of upwelling at a critical age as predicted by simple convective roll models.
[26] Another model proposes temperature and pressure gradients induced by an influx of low-density mantle from the South Pacific Superswell could drive eastward flow in the upper asthenosphere toward the rise axis [Conder et al., 2002; Weeraratne et al., 2003] . Material following the shallowing base of the lithosphere on approach to the mid-ocean ridge could undergo pressure release melting that feeds off-axis volcanic activity. The flow would organize into finger-like projections as it interacts with colder, more viscous mantle, and gravity lineations would arise from the resulting density contrast [Conder et al., 2002] . Narrow channels of low-density material could act as a solitary melt source progressively depleted in the direction of flow as observed in the geochemistry of dredge samples [Donnelly et al., 2003] . Moreover, any active small-scale convection captured within the fingers or triggered by the lower density of the flowing material could be carried up to and possibly beyond the ridge axis. On the basis of our seismic refraction analysis and the current geophysical, geochemical, and tectonic understanding of the southern East Pacific Rise region, we believe the channelized return flow model, perhaps accompanied by small-scale convection, offers the most complete explanation for the origins of cross-grain gravity lineations and the non-hot spot ridge systems noted throughout the Pacific.
Conclusions
[27] The crustal thickness variations inferred from the active source seismic results for the GLIMPSE study area reflect the heterogeneity of off-axis volcanism, ranging from seamounts formed at the EPR to cross-grain ridge systems aligned with gravity lineations. The absence of crustal thinning beneath or immediately adjacent to the Sojourn and Hotu-Matua ridge systems argues against the lithospheric boudinage model for the formation of cross-grain features. Instead, the style of crustal thickening beneath the ridges implies compensation of surface loading by a combination of plate flexure, underplating, and a deeper mantle component inferred from rMBA analysis. A model predicting banded return flow of low-density material from the South Pacific Superswell toward the EPR is most compatible with these constraints, the associated gravity anomaly pattern, and geochemical trends in this region, however a model based on small-scale convection advected toward the rise axis may also explain the available observations. A conclusive determination of the best dynamic model for the region will depend on future observations confirming the existence, directionality, and scale of flow in the upper asthenosphere.
Appendix A: Velocity-Depth Trade-off
[28] Adjusting the depth to a reflecting interface and perturbing the overlying crustal velocity are equally valid methods for minimizing the misfit between reflection traveltime data and a velocity model, rendering inverse solutions in seismic reflection tomography inherently nonunique [see Bickel, 1990; Stork, 1992a Stork, , 1992b Lines, 1993; Ross, 1994; Tieman, 1994; Rathor, 1997] . In marine seismic surveys, the inclusion of refraction arrival times can effectively constrain crustal velocity structure when inverting reflection data, but decreasing signal-to-noise ratios with greater instrument offsets limit the range over which refractions can be picked. With little to no raypaths constraining lower crustal structure, seismic refraction/wide-angle reflection velocity models suffer from a fundamental trade-off between varying lower crustal velocities or shifting the depth to the Moho when fitting both Pg and PmP phases.
[29] One method for exploring this trade-off is to adjust the value of a single parameter, the depth kernel weighting factor (w), which controls the weighting of the depth nodes relative to the velocity nodes in the inverse problem [Korenaga et al., 2000] . In Figure A1 , we present the results of trials that use w values ranging from <1 (velocity perturbations preferred) to >1 (depth perturbations preferred) with the same model parameterization, inversion regularization, traveltime data set, starting model, and inversion methodology discussed in the main text. In each example, the left panel displays the final model and the right shows the difference between this and our preferred solution where w = 1.0 ( Figure 6 ). The dotted line in Figures A1b, A1d , A1f, and A1h the Moho of our preferred solution for reference.
[30] The inversion for the first case (w = 0.1, Figures [32] Thickening of the upper crust occurs beneath the Sojourn Ridge and in the line section between $300 -325 km to some degree in all cases, though lesser so as more emphasis is placed on perturbing the depth to the Moho. In addition, there is evidence of loading at the base of the crust in these same areas, even in the velocitydominant end-member case A where Moho perturbations are on the order of tens of meters. Our preferred model, derived using w = 1.0, captures elements of both end- member solutions (w = 0.1 and w = 5.0), and we feel the crustal thickening trends reported in this paper are robust enough to provide a solid argument against the lithospheric boudinage model.
Appendix B: Resolution Analysis
[33] The resolution of our preferred velocity model is indirectly characterized by statistical measures of RMS and c 2 misfit (0.062 s and 1.03 for the full data set, respectively), the qualitative fit between observed and predicted traveltimes (Figure 6a ), a raypath diagram (Figure 6b) , and the derivative weight sum (a relative measure of the hit count for each model parameter that controls the image intensity in Figure 6c ). The tests presented here directly assess model resolution through techniques that require additional inversions of the traveltime data. We first apply several variations of the checkerboard test, a nonlinear technique for estimating velocity resolution at each point in the final model [see Hearn and Ni, 1994; Zelt, 1998 Zelt, , 1999 . To perform this test, rays are traced through a model constructed by perturbing the background solution ( Figure 6 ) with an alternating pattern of positive and negative anomalies. Gaussian noise is added to the synthetic data, which is then inverted with the unperturbed background model as the starting model. The inversion applies the same model parameterization, regularization, pick error estimates, and layer-stripping methodology used to obtain the solution shown in Figure 6 . The resemblance between the test results and the target checkerboard model gives an indication of where the background solution is well constrained. In the test cases outlined below, the final solutions are the result of a single iteration of the final inverse step in the top-down method whereupon our target misfit of c 2 $ 1.0 was reached.
[34] For our first test, we combined the background model with a 300 km wavelength pattern of velocity perturbations ranging from ±5% in amplitude ( Figure B1a ). We added two components of noise to randomize the traveltimes calculated from this model. First, random samples were taken from a N(0, s pick ) distribution, where s pick is the error estimate assigned to a single pick, to mimic uncorrelated white noise. The second component addresses the bias from picking arrivals across independent record sections (a.k.a. ''common receiver errors'' [Korenaga et al., 2000] ). A single N(0, s ave )-distributed value, where s ave is the average pick error for the ensemble, was added to the traveltimes for all picks from the same record section. Figure B1b shows the final inverse solution, where shallow anomalies are best recovered in the central $200 km of the model. The peak amplitudes of the upper crustal perturbations are overestimated (e.g., 8.2% at 162 km) in a trade-off with the anomaly width, which was squeezed by nonuniform ray coverage. Midcrustal anomalies are vertically smeared because of decreasing ray density and greater smoothing constraints with depth. Recovery is poor at both ends of the survey line, and lower crustal anomalies could not be resolved.
[35] In Figure B1c , the background model has been perturbed by a 150 km wavelength pattern of velocity anomalies with a maximum amplitude of ±5%. The dimensions of the anomalies in the uppermost crust are well recovered by the inversion (Figure B1d ). The perturbation amplitudes of these anomalies are overestimated across the length of the model with the exception of the poorly sampled region immediately beneath the Thanksgiving seamounts. Recovery of both anomaly shape and amplitude decreases rapidly with depth. Positive and negative checkerboard ''cells'' are recognizable in the middle crust, but lateral and vertical smearing masks their amplitude structure. The checker pattern in the lower crust was unrecoverable. These two tests show the data can successfully resolve lateral velocity variations !75 km in width and vertical variations !2 km in wavelength within the upper crust. Features not meeting these constraints are averaged across the model space and cannot be distinguished by our sparse data set.
[36] To test how well the data can resolve vertical structure along the Moho together with variations in crustal velocity, we applied a sinusoidal perturbation to the reflector of our preferred solution and performed the checkerboard test with both synthetic Pg and PmP traveltimes. In Figure B2a , checkerboard anomalies of ±5% are applied at a 300 km wavelength to the background model. The target reflector was formed by combining the background reflector with a 1 km amplitude sinusoid of the same wavelength. The polarity and location of the velocity anomalies, particularly those in the central $200 km of the model, are well recovered by the inversion, as are the general features of the perturbed Moho ( Figure B2b) . However, the inversion reaches the target misfit (c 2 $ 1.0) before fully capturing the breadth and amplitude of the velocity and depth perturbations. As in Figure B1b , middle crustal anomalies are smeared vertically, resolution is poor at the ends of the survey, and lower crustal anomalies could not be recovered.
[37] We reduced the velocity and reflector perturbation wavelength to 150 km for the second trial ( Figure B2c) . The inverse solution captures the alternating velocity anomaly pattern, but perturbation amplitudes are generally underestimated ( Figure B2d ). Shallow anomalies in regions of higher ray density such as beneath the southern flank of the Sojourn Ridge and at the southern end of the survey line ($300 -400 km) are relatively well recovered. Velocity variations in the middle crust remain indistinct, and lower crustal velocity anomalies could not be resolved. The structure imposed on the reflector was well recovered at the southern end of the model ($325 -375 km) and north of the Sojourn Ridge around 100 km. The solution deviates most strongly from the target model along the center of the refraction line between $200 and 275 km. Without consistent ray coverage, the inversion cannot constrain velocity variations in this region, and only a few PmP traveltimes sample the depth to the Moho in the vicinity of the Thanksgiving seamounts (see Figure 6b) .
[38] We find the sparse data set combined with the smoothing and damping restrictions typically lead the inversion to underestimate the perturbations introduced in the checkerboard test. Loss of resolution with depth is both a function of the data constraints and the layer-stripping methodology. However, velocity anomaly patterns used in checkerboard tests are clearly not representative of true Earth structure, and we would expect velocity variations to be predominantly a feature of the upper crust rather than uniformly distributed with depth. Overall, the tests in Figures B1 and B2 suggest our data can recover lateral variations in velocity with a wavelength similar to the gravity lineations, particularly in close proximity to the two cross-grain ridge systems. In addition, the data can resolve features !75 km in width and at least 1 km in height along the Moho. The wavelength of the cross-grain gravity lineations and nonhot spot ridge systems in the GLIMPSE study area exceeds these limits by $50 km.
[39] In the final resolution test, we systematically changed the starting reflector depth before inverting the traveltime data to examine the trade-off between the starting model and our crustal thickness results ( Figure B3 ). All inversions applied the same model parameterization, regularization, traveltime data set, starting velocity model, and layer-stripping methodology used to derive the solution in Figure 6 . As in Figure 5 , the depth to the starting reflector with respect to the median seafloor depth (3.34 km) ranged from 5.2 through 7.0 km, stepping at 0.2 km intervals. We Figure B3 . Test for resolution of structure along the Moho. Starting reflector depths ranged from 5.2-7.0 km with respect to the median seafloor depth (3.34 km) at 0.2 km intervals. Cases for depths of 5.7 km and 5.9 km (our preferred starting depth, shown in bold) were included as well. The inversion followed the identical procedure used to derive our preferred velocity model ( Figure 6 ). The topdown curve order mirrors the ascending order of the initial reflector depths. Crustal thickness is best resolved where all curves converge. also included tests for Moho depths of 5.7 km and 5.9 km. The shallower the starting reflector depth, the shallower the final curve plotted in Figure B3 . The bold curve traces the solution for the preferred starting reflector depth (5.9 km), which was chosen by the method shown in Figure 5 . The solutions converge along sections of the Moho where crustal thickness is best resolved and diverge where few PmP traveltimes were available. Crustal thickness is poorly constrained in the central region from $200 to 275 km and best constrained both around the Sojourn Ridge and at the southern end of the line. These results predict a reflector depth resolution of approximately ±1 km. On the basis of this and the previous resolution tests, we contend that the thickness variations we observe along the survey line (Figures 6 and 8 ) are conservative estimates of real crustal structure across the GLIMPSE study area.
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